We present a first-principles investigation of NdFe 12 and NdFe 12 X (X = B, C, N, O, F) crystals with the ThMn 12 structure. Intersite magnetic couplings in these compounds, so-called exchange couplings, are estimated by Liechtenstein's method.
I. INTRODUCTION
The magnetic compound NdFe 12 N, which has the ThMn 12 tetragonal structure, has attracted much attention since Hirayama et al.
1,2 successfully synthesized the compoundmotivated by the results of a first-principles calculation 3 -and found that it has higher spontaneous saturation magnetization and anisotropy field than Nd 2 Fe 14 B. NdFe 12 was first synthesized on a substrate, and then nitrogen was introduced. The nitrogenation greatly enhanced the magnetization and anisotropy field 1 ; nitrogenation is known to have this effect in other similar magnetic compounds also. Although it has not been reported in the case of NdFe 12 , typical elements can also enhance the Curie temperature of rare-earth magnets. , where R denotes a series of rare-earth elements.
The advantages of typical elements in magnets have also been studied theoretically. is possibly attributable to mixing between the boron elements and the neighboring iron elements. The importance of this chemical effect has been confirmed by first-principles calculation of light elements in iron lattices 10 . In a recent first-principles study 11 on the interstitial X in NdTiFe 11 X (X = B, C, N, O, F), enhancement of magnetization by the magnetovolume effect and chemical effect was investigated.
Finite-temperature magnetism in hard-magnet compounds has also been studied. It was demonstrated in a study 12 of an ab initio spin model of NdFe 12 N that intersite magnetic coupling between rare-earth sites (R) and transition metal sites (T) is a key factor, and magnetic anisotropy above room temperature is expected to be enhanced significantly by strengthening the R-T couplings.
In this paper, we investigate magnetic couplings in NdFe 12 and NdFe 12 X for X = B, C, N, O, F based on first-principles calculation. The theoretical framework and the computational methods are described in Section II. We analyze the effects of the interstitial dopant X on the magnetic couplings by using Liechtenstein's formula. The obtained intersite magnetic couplings are converted to a Curie temperature by using the mean field approximation. The dependence of the R-T magnetic couplings on X is discussed in Section III A, and the values of the Curie temperature are discussed in Section III B.
II. THEORETICAL FRAMEWORK AND METHODS
We use AkaiKKR 13 -a program based on the Korringa-Kohn-Rostoker (KKR)
14,15
Green's function method, which is also known as MACHIKANEYAMA-for calculation of magnetic moments and intersite magnetic couplings. This calculation is performed based on the local density approximation 16, 17 . electrons to values of the magnetic moment is not included in our results. The 1s-5s, 2p-4p, 3d-4d orbitals at Nd; the 1s-2s, 2p-3p orbitals at Fe; and the 1s orbital at X and the 2s orbitals at X = F are treated as core states. We consider up to d-scattering (l max = 2) in the systems, and sample 6 × 6 × 6 k-points in the full first Brillouin zone with reduction of computational tasks by exploiting the crystal symmetry. A common set of muffin-tin radii is used in all calculations for NdFe 12 and NdFe 12 X (X = B, C, N, O, F) such that the domain volume of local potentials perturbed in Liechtenstein's method does not depend on the system. We place one X atom per formula unit at the 2b site.
We use lattice parameters obtained via QMAS 22 , which is a package for first-principles calculation based on the projector augmented-wave (PAW) method 23, 24 , within a generalized gradient approximation. These values of the lattice parameters are summarized in Appendix A. We refer readers to Ref. 25 for details of the calculation setup.
To investigate the dependence of magnetic properties on lattice parameters, we also perform calculations of hypothetical NdFe 12 X systems with the lattice parameters fixed to the values of other systems. We write "A#B" to mean "the system having chemical formula 
where e i is a unit vector taking the direction of the local spin moment at the ith site. It is also possible to determine a set of J i,j values by comparing the total energies calculated for several different magnetic structures (e.g., different anti-ferromagnetic configurations).
However, to obtain a required number of unique J i,j values for a fixed magnetic structure, we exploit Liechtenstein's prescription. Our Hamiltonian can be transformed formally into
where S 0 i denotes the local moment of the ith site in the ground state. Note, however, that J i,j is an indirect outcome from Liechtenstein's scheme, whereas J i,j is more directly related to the energy shift under the perturbation at the ith and jth sites considered in the scheme. Therefore, we discuss values of J i,j instead of J i,j to maintain theoretical clarity.
III. RESULTS AND DISCUSSION
A. Chemical effects of X on J R -T The J Nd -Fe(8j) coupling exhibits the strongest dependency on X, which is understandable because Fe(8j) is the closest site to X. The J Nd -Fe(8j) coupling is reduced in all cases where X is introduced, with the exception of X = B. The smallest value is found at X = N. That value is less than half of NdFe 12 . In contrast, J Nd -Fe(8i) and J Nd -Fe(8f) are enhanced, although slightly, by N. Nitrogenation thus appears to effectively reduce the Nd-Fe coupling strengths. This suggests that nitrogenation exacerbates unfavorable thermal dumping of magnetocrystalline anisotropy, although it induces strong uniaxial anisotropy at low temperatures 12 . 
j also depends on the ground state of the system. Figure 3 plots the density of states (DOS) at Z X = 6.8. The X-p DOS has a peak at the Fermi level in the majority-spin channel, but there is no feature in the minority channel at that point. This type of DOS distribution has been discussed previously 10, 11, 27 to explain the change in the total spin moment caused by X. The discussion is also useful for understanding the reduction of the Nd moment, and the results of our calculation also show good agreement with the accompanying theory. The X-2p state hybridizes with states of the neighboring Fe sites. An antibonding state between them appears above the Fermi level in the cases of X = B and X = C. As Z X increases, the X-2p level becomes deeper. Consequently, this hybridized state is pulled down (Fig. 4) and crosses the Fermi level at Z X ∼ 7 in the majority-spin channel, which leads to enhancement of the magnetic moment of the whole compound (although the magnetovolume effect also enhances the magnetic moment, the dependence of the total moment on X comes mainly from the chemical effect 11 ).
This hybridized state in the majority-spin channel has some weight at the Nd site. Hence, as the occupation number of this state increases, the majority-spin density becomes larger.
This results in a decrease in the magnitude of the local spin moment at the Nd site because it is antiparallel to the total spin moment (electrons in the majority-spin channel of the entire system are a minority at the Nd site). This reduction leads to weakening of the spin-rotational perturbation considered in Liechtenstein's formula and weakens J Nd -Fe(8j) .
To summarize, filling of the hybridized state affects both the magnetization and the Nd-Fe magnetic coupling, but in opposite ways. F. However, the structural change accounts only for approximately half of the enhancement.
The chemical effects are as important as the structural change.
The Curie temperature of NdFe 12 N shown in Fig. 6 is much higher than the experimental value of T C ≈ 820 K obtained by Hirayama et al. 1 . This overestimation in our calculation presumably comes from the use of the mean field approximation, which almost certainly The data in the left figure are calculated from the larger J i,j set, L; the data in the right figure are calculated from the smaller set, S.
overestimates T C of spin models. However, the calculated difference between T C before and after the nitrogenation is comparable to the experimental value of T To see how the Curie temperature depends on the change in J i,j caused by the introduction of X, we calculate the following quantity:
where T C [{J i,j }] is the Curie temperature calculated from the set of magnetic couplings
is defined as follows:
where LOU stands for "leave-one-unchanged." Note that this ∆T
is positive when the change in J k,l caused by the introduction of X enhances the Curie temperature. We also use a similar quantity∆T
by replacing J i,j in the reference NdFe 12 system in equation (3) with the values from NdFe 12 #NdFe 12 X. In this analysis, we focus on the bonds in S and use only their J i,j values to calculate ∆T explain the dependence of the Curie temperature on X. In the case of X = B, the difference from X = C mainly comes from the increase in∆T
, whereas in the case of X = N, O, F, it comes mainly from the increase in∆T
. This leads us to believe that the mechanism behind the enhancement of the Curie temperature differs between the case of X = B and those of X = N, O, F.
IV. CONCLUSION
We studied and investigated the internal magnetic couplings of NdFe 12 and NdFe 12 X for X = B, C, N, O, F by first-principles calculations and found that the introduction of nitrogen to NdFe 12 reduces the strength of R-T magnetic couplings owing to Nd-X hybridization, with J Nd -Fe(8j) particularly reduced so significantly that lattice expansion due to the nitrogen cannot compensate for the reduction. Although nitrogen is often used to enhance the magnetic properties of magnetic compounds, our results suggest that nitrogenation may have countereffects on the anisotropy field of NdFe 12 at finite temperatures.
We also evaluated the Curie temperatures of NdFe 12 and NdFe 12 X within the mean field approximation and found that the volume expansion caused by the introduction of X cannot explain all enhancement of T C . The introduction of X causes significant changes in the magnetic couplings of NdFe 12 and has a significant effect on the Curie temperature.
Nitrogen was found to enhance the Curie temperature, as found experimentally in similar compounds. Oxygen and fluorine were also found to enhance T C as much as nitrogen.
Although boron also produced the same order of positive effect on T C within the framework above (see also Appendix B 2 for results with a model for the paramagnetic state), the mechanism appears to be different from that for the cases of X = N, O, F. 
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Local moment disorder
We also performed calculations for NdFe 12 and NdFe 12 X with the local moment disorder (LMD) model 30 to approximate the paramagnetic states. In the calculation, each of the atomic sites, A (=Nd, Fe, X), is described by twofold atomic potentials, A ↑ and A ↓ , where A ↑ has opposite spin-polarization to A ↓ , and they are treated as potentials of distinct atoms that can occupy the A site with 50% probability. This randomness is treated with the coherent potential approximation. In this hypothetical (Nd 
